Low maize yields and the impacts of climate change on maize production highlight the need to improve yields in eastern and southern Africa. Climate projections suggest higher temperatures within drought-prone areas. Research in model species suggests that tolerance to combined drought and heat stress is genetically distinct from tolerance to either stress alone, but this has not been confirmed in maize. In this study we evaluated 300 maize inbred lines testcrossed to CML539. Experiments were conducted under optimal conditions, reproductive stage drought stress, heat stress and combined drought and heat stress. Lines with high levels of tolerance to drought and combined drought and heat stress were identified. Significant genotype x trial interaction and very large plot residuals were observed; consequently, the repeatability of individual managed stress trials was low. Tolerance to combined drought and heat stress in maize was genetically distinct from tolerance to individual stresses, and tolerance to either stress alone did not confer tolerance to combined drought and heat stress. This finding has major implications for maize drought breeding. Many current drought donors and key inbreds used in widely-grown African hybrids were susceptible to drought stress at elevated temperatures. Several donors tolerant to drought and combined drought and heat stress,
INTRODUCTION
In eastern and southern Africa (ESA), maize is the most important crop, accounting for up to 40 to 50% of both calories and protein consumed in Malawi, Zimbabwe, and Zambia, the most maize-dependent countries in the region (FAOSTAT, 2010) . However, maize yields in this region remain low averaging 1.4 t ha -1 highlight the need to incorporate heat tolerance, as well as increased drought tolerance, into African maize germplasm to offset predicted yield losses.
Substantial progress has been made in drought breeding in subtropical and tropical maize. In the 1970s CIMMYT initiated a drought breeding programme for maize using the elite lowland tropical maize population "Tuxpeño Sequia" (Bolaños and Edmeades, 1993a,b; Bolaños et al., 1993) . Over eight cycles of full-sib recurrent selection for grain yield and increased flowering synchronisation (reduced anthesis-silking interval (ASI)) resulted in gains of up to 144 kg ha -1 yr -1 under drought stress (Edmeades et al. 1999 ). In the late 1990's CIMMYT initiated a product-orientated maize breeding programme in southern Africa (Bänziger et al. 2006) . Maize varieties were simultaneously selected for performance under optimal, low nitrogen and managed drought stress conditions. CIMMYT hybrids yielded more than commercial checks at all yield levels. Under severe stress CIMMYT hybrids had a 40 % yield advantage compared to commercially available hybrids. Recent on-farm trials in ESA of new hybrids showed a 35 % and 25 % yield advantage against farmers own varieties under low (< 3 t ha -1 ) and high yield conditions, respectively (Setimela et al. 2012) . The best hybrid (CZH0616) out-yielded the most popular commercial check, which was released approximately 15 years ago, by 36 % and 26 % under high and low yield conditions, respectively, indicating that gains from selection for both yield potential and stress tolerance have been large.
In contrast to drought research, relatively less effort has been devoted to breeding specifically for heat stress tolerance in maize. Earlier studies highlighted the negative impact of increased growing season temperatures on temperate maize yields. Thomson (1966) showed that an increase in temperature from 22 °C to 28 °C during the grain filling period in the US Corn
Belt resulted in a 10 % yield loss, while Badu-Apraku et al. (1983) showed a 42 % yield reduction when mean daily temperatures were increased by 6 °C. A recent analysis of more than 20,000 historical maize trial yields in southern Africa showed that maize production linearly decreased with every accumulated degree day above 30 °C . Heat stress in maize is associated with shortened life cycle (Muchow et al. 1990 ), reduced light interception (Stone, 2001 ), increased respiration, reduced photosynthesis (Crafts-Brander and Salvucci, 2002) and pollen sterility (Schoper et al. 1987a, b) . A comparison of the response of male and female reproductive tissues to heat stress demonstrated that female tissues have greater tolerance (Dupis and Durnas, 1990) , with pollen production and/or viability highlighted as major factors controlling reduced fertilisation under high temperatures. However the period between silk pollination and ovary fertilisation in the female reproductive tissues has also recently been highlighted as a critical period controlling grain yield under heat stress (Cicchino et al. 2011) .
Given the diversity of ecosystems in which maize can be grown, it is highly likely that there is genetic variability in the tolerance of tropical and sub-tropical maize to heat stress. However, tropical maize has been shown to have stable yields across a narrower range of temperatures than temperate maize . Climate predictions show an increase in growing season temperatures within drought prone regions (Cairns et al. 2012a) . While drought stress is often a combination of water and temperature stress as a result of reduced transpirational cooling under limited water conditions, there is evidence to suggest that the response to drought stress at elevated ambient temperatures is unique and cannot be extrapolated from the sum of the effects of both stresses (drought and heat) (Rizhsky et al. 2002; 2004; Barnabás et al. 2008 ).
Both conventional and molecular breeding approaches rely on genetic variability for the trait of interest. The aim of this study was therefore to identify lines with tolerance to drought, heat and combined heat and drought stress for use within maize breeding programs, to serve both as donors of drought and heat tolerance in pedigree breeding and as potential sources of alleles with large effects detectable through genome-wide association mapping (to be reported in a subsequent paper). We evaluated a diverse set of 300 inbred lines from CIMMYT and IITA's tropical and subtropical breeding programmes as testcrosses to the broadly-adapted line CML539 in drought-and heat-stressed field trials in Kenya, Zimbabwe, Mexico, and Thailand.
Additional aims of this study were to establish the relationship between drought, heat and combined drought and heat tolerance in maize, and to assess the magnitude of genotype x trial plot residual variances in managed drought and heat stress trials with respect to their effects on the repeatability of field phenotyping for these stresses.
MATERIALS AND METHODS

Plant material
A collection of 300 inbred lines was assembled, representing the genetic diversity within the CIMMYT and IITA tropical and subtropical maize improvement programmes (Wen et al. 2011) .
Briefly, lines were assembled from nine CIMMYT and IITA breeding programmes based in Latin America and Africa focussing on yield potential and abiotic and biotic stress tolerance (Table 1) .
Information on the pedigree and adaptation zones of all lines is presented in Table S1 . Single cross hybrids were generated by crossing lines with the tropical tester CML-539, a broadlyadapted inbred that is tolerant to maize streak virus, a disease prevalent only in Africa but not elsewhere. 
Trial management
is the arithmetic average of all pairwise genotypic covariances between environments i th and i' th , and
is the arithmetic average of all pairwise geometric means among the genotypic variance components of the environments
RESULTS
Grain yield, phenology and plant height across different environments
Under non-stress conditions, average trial grain yields ranged from 6.50 to 7.39 t ha -1 (Table 2) . under combined drought and heat stress (Table 2 ). In the combined analysis, the H of grain yield was lower under stress relative to non-stress (Table 3) , however H was above 0.50 in all treatments. In drought trials (n = 7), H was 0.64 while under combined drought and heat stress (n = 3) H was 0.50. Under drought stress and combined drought and heat stress the In the combined analysis across trials within stress levels, the pooled plot residual variance was similar in magnitude to the genotypic variance under well-watered conditions, but was two to three times larger under stress conditions.
Correlations between treatments, trials and phenology
Grain yield under well-watered conditions was moderately positively genetically correlated with grain yield under drought stress (Table 4) , with approximately 40% of genetic variance for yield under drought stress alone accounted for by variation in yield potential under well-watered conditions. Grain yield under combined drought and heat stress was weakly positively correlated with grain yield under well-watered conditions, but genetic variation in yield potential explained only about 5% of variability under combined drought and heat stress.
There was no significant relationship between grain yield under drought stress and combined heat and drought stress. Grain yield was positively correlated with days to anthesis under wellwatered conditions (r = 0.51, p<0.001), however, there was no significant relationship between grain yield under drought stress and days to anthesis (r = 0.03, ns). Under combined drought and heat stress, grain yield was weakly negatively associated with days to anthesis (r = -0.3, p<0.01), while for heat stress grain yield was weakly positively correlated with days to anthesis (r = 0.25, p<0.01).
Genetic correlations for grain yield between individual trials are presented in Table 5 . In general, within individual locations, genetic correlations for grain yield for the same treatment were strongly, positively correlated between years, except for drought trials in Mexico in 2009 and 2010 (r = 0.02, ns) and Kenya in 2010 and 2011 (r = -0.01, ns) , however in Kenya only the late maturity group in 2010 were included in the analysis due to rainfall at anthesis in the early maturity group. In both Mexico and Thailand, well-watered trials were strongly, positively correlated with the respective drought trials in the same year. In Mexico, well-watered trials were weakly and positively correlated with the respective combined drought and heat stress trials in the same year. Heat trials in India were positively correlated with all drought and wellwatered trials in Mexico, Thailand and Kenya. There was no significant correlation between grain yield under heat stress in India and grain yield under combined heat and drought stress trials in Mexico. In Mexico under combined drought and heat stress yields were higher in 2011 relative to 2010 and there was no significant difference in grain yield between drought and combined heat and drought stress trials in 2011. However there was still a weak yet significant negative correlation between the two treatments.
DISCUSSION
Comparison of drought, heat and combined drought and heat stress
The combination of water and temperature regimes across trials allowed the relationship between individual and combined stresses to be established. Yield losses were higher under drought stress when temperatures were elevated as recently reported by Lobell et al. (2011) . In agreement with previous studies on abiotic stress, grain yield under both drought stress and heat stress was moderately and positively associated with grain yield under well-watered conditions ), but correlations are not high enough for performance under well-watered conditions to be predictive under drought stress or heat stress; approximately 60 % and 85 % of the genetic variance for yield under drought and heat stress, respectively, was unique to each environment relative to well-watered conditions. Grain yield under optimum (well-watered) and combined drought and heat stress had a weak positive correlation indicating the presence of independent genetic control of yield in the two environments.
Performance under drought stress was moderately correlated with performance under heat stress. The moderate relationship between tolerance to drought and heat stress has previously been reported in both wheat and rice (Jagadish et al. 2010; Pinto et al. 2011) . However, grain yield under drought stress or heat stress was not associated with grain yield under combined drought and heat stress. Although the effect of plant drought stress is often a combination of the effects of drought and heat through reduced transpirational cooling, these results are in agreement with previous studies where drought stress was genetically distinct from drought stress under elevated temperatures.
The majority of research on abiotic stresses has focussed on individual stresses, while in farmers' fields plants are regularly subjected to a combination of stresses (Voesenik et al., 2008) . Independent screening for tolerance to drought and low nitrogen in tropical maize has resulted in germplasm with tolerance to both stresses (Bänziger et al. 2000; . However, these results show that tolerance to combined drought and heat stress in maize is genetically distinct from tolerance to the individual stresses and screening under drought or heat alone will not confer tolerance to the combined effect of drought and heat stress. Even in trials in Mexico in 2011 when there was no significant difference in mean trial yields under drought and combined drought and heat stress, there was no relationship between the two treatments, with considerable lack of agreement in the ranking of genotypes for grain yield between the two treatments.
Increasing temperatures are highly likely to result in large yield losses in maize production in SSA (Jones and Thornton, 2003; Lobell et al. 2008; Rowhani et al. 2011) .
Compared to other abiotic stresses associated with climate change (drought stress and waterlogging), relatively little research has been conducted on heat stress in maize. The vast majority of studies have focussed on biochemical and molecular responses using only a limited number of genotypes with stress applied in vitro as a single and rapid heat stress event, rather than in response to heat under field conditions (Cairns et al. 2012b ). The current study has shown large genetic variation in grain yield under heat stress in sub-tropical and tropical maize germplasm in the field. To date there has been no extensive breeding effort that targets specifically heat stress in tropical and sub-tropical maize. Several potential donors with tolerance to heat stress were identified in this study, however further trials are needed to confirm these results.
Combined drought and heat stress is likely to become an increasing constraint to maize production in SSA, particularly in the drought-prone lowlands of southern Africa (Cairns et al.
The screening of a large number of advanced lines from many breeding programs across multiple locations has clearly identified highly drought tolerant lines. The ten testcrosses with the highest grain yield under drought stress and combined drought and heat stress are presented in Tables 6 and 7 , respectively (grain yield BLUPs for all testcrosses in each environment are also presented in Table S1 ). These testcrosses yielded at least 0.65 t ha -1 more under drought stress than the current donor used in drought breeding (CML444) crossed to the broadly-adapted tester CML539. The subtropical line [SYN-USAB2/SYN-ELIB2]-12-1-1-2 developed in Zimbabwe for mid-altitude environments had the highest yield under drought stress, with 0.81 t ha -1 more than the current drought tolerant line (CML444) crossed to CML539. However this line (crossed to CML539) yielded less than the trial means under both combined heat and drought stress and heat stress alone. Indeed [SYN-USAB2/SYN-ELIB2]-12-1-1-2 was one of the most susceptible genotypes to combined drought and heat stress. Similarly, both DTPWC9-F2-3-2-1 (a tropical line derived from a recurrent selection programme for drought tolerance) and CLQ-RCYQ40 = (CML165 x CLQ-6203)-B-9-1-1 (a tropical line developed in Mexico) crossed to CML539, were highly tolerant to drought stress yet ranked within the bottom third of lines under combined heat and drought stress. In contrast, La Posta Seq C7-F64-2-6-2-2 and DTPYC9-F46-1-2-1-2, developed for drought tolerance through recurrent selection in Mexico, were high yielding relative to the trial mean under both drought and combined drought and heat stress. These lines were selected under a range of environments including one heat screen (Edmeades et al. 1999 ). The drought tolerant hybrid, CML442/CML444, was found to be highly susceptible to drought stress under moderately elevated temperatures.
CML442/CML444 has been used extensively as the female parent in hybrid development in eastern and southern Africa (MacRobert, pers. comm.) and to ensure that drought tolerant commercial maize varieties continue to perform under future climates, a new female parent must be developed with tolerance to drought stress at higher temperatures.
The size of this study (ca. 18,600 rows) prevented the use of more than one tester from different heterotic groups. CML539 was chosen as the tester because it has good combining ability across heterotic groups. In general CIMMYT germplasm is extremely diverse and does not separate neatly into two or even more genetic groups; there are at least 8 distinct subpopulations, in terms of breeding origin, with the set (Wen et al. 2011) . However the risk of heterotic or genetic group differences being confounded with the main effects observed is low.
Furthermore, many of the donors identified in this study have been confirmed independently in other unpublished experiments.
Steady gains in maize breeding for tolerance to drought stress have been made (Bänziger et al. 2006; Setimela et al. 2012) . If the donors identified in this study are incorporated into drought breeding pipelines they will further improve gains under drought stress. Six of the top 10 DT donors were from drought tolerant populations (La Posta Sequia and DTP) developed in the 70's, 80's, and 90's through recurrent selection (Bolaños and Edmeades, 1990; Edmeades et al. 1997a) . Subsequent research at CIMMYT has focussed on product development (Edmeades et al. 1997b) . Little additional gain in maximum drought tolerance has been achieved, as evidenced by the fact that the most tolerant lines in this panel were derived from populations developed and improved under the CIMMYT Physiology program over 15 years ago. These results highlight the need for the identification of new drought tolerant source populations, and for continued development of donors with higher levels of tolerance. Only a small proportion of the genetic variation within maize has been exploited (Ortiz et al. 2009 ).
Landraces from areas that frequently have high temperature may provide a useful source of novel alleles for heat tolerance (Castro-Nava et al. 2011) . While the development of new source populations through conventional methods is slow, genomic selection may provide a faster alternative through rapid-cycle, marker-based recurrent selection (Weber et al. 2012a )
Implications for maize breeding in SSA
Breeding progress relies on genetic variability for the trait of interest, high selection intensity, high H for the trait of interest and the genetic correlation between yield in the selection environment and the TPE (Falconer, 1952) . H values of single trials under stress were moderately high but consistent with published studies of maize trials under managed drought stress (Bolaños and Edmeades, 1996; Messmer et al. 2009; Almeida et al. 2012; Weber et al. 2012) . Selection for increased flowering synchrony (e.g. reduced ASI) has been successfully used in maize breeding for drought prone environments (Bänziger et al. 2006) . Although H was generally higher for GY than ASI, this is in agreement with previous studies (Bolaños and Edmeades, 1996; Messmer et al. 2009; Almeida et al. 2012 ) and selection efficiency for grain yield under drought stress increased when reduced ASI was used in combination with grain yield (Table 3) . Similarly, 2 e σ was two to three-fold greater than σ 2 genotype in stress trials. The very large residual and genotype x trial variances in the drought and combined drought and heat treatments relative to the wellwatered treatment resulted in reduced H for means estimates from the stressed trials. A recent combined analysis of the southern Africa regional trials of CIMMYT and partners also found plot residual variance to be much higher under managed stress relative to non-stress trials (Weber et al. 2012b) . Although the H of managed stress trials in this study was lower than that of nonstress trials and plot residual variance under abiotic stress was high, H was above 0.5 for a treatments and the repeatability of trials across years provided a good estimate of the performance of lines for breeding purposes. However these results highlight the need for measures to reduce the effects of field variability so as to increase the genetic signal to noise ratio to detect real differences between lines. Reducing the size of the residual relative to the genetic component of variance would have a positive impact on heritability levels and expected genetic gains. Soil heterogeneity can represent a significant source of experimental variation and obstruct the detection of the genetic signal (Campos et al. 2011) . Although the sites used in this study were previously selected for relative uniformity, soil is inherently heterogeneous.
Measures of soil variability can be incorporated into statistical analysis to reduce experimental error (Hao et al. 2010 , Cairns et al. 2011 Cairns et al. 2012b ). However, the value of these measures still needs be established in reducing the error variance relative to the genetic variance (Masuka et al. 2012) . Genotype x trial interaction was also much greater in drought and combined drought and heat trials relative to the genotypic variance (Table 3) . It is important to recognise that the genotype x trial interaction is a true error stratum in managed stress screening, and an important source of noise reducing repeatability andincreasing standard errors of means. Because of this, it is critical that germplasm evaluation under managed stress be replicated in several trials to sample these fluctuations and ensure that measures of precision of the estimates of means are realistic. These results also highlight the need for measures to reduce trial-to-trial variability that are likely to be associated with the timing and severity of drought stress in germplasm screening. Similar irrigation regimes were applied at each site to ensure drought stress at the flowering stage, but variation in rainfall and temperature across years is likely to have resulted in different drought stress profiles. Soil moisture monitoring has routinely been used in rice for drought breeding, to reduce variation in drought stress between experiments and years (Lafitte et al. 2006; Venuprasad et al. 2007 and ) and needs to be applied within maize breeding for drought tolerance in ESA.
CONCLUSIONS
A systematic evaluation of elite material derived from breeding programmes worldwide under a range of environments allowed the identification of donors with high levels of tolerance to both drought and combined drought and heat stress. Incorporating these donors into drought breeding pipelines will help increase genetic gains. However, little additional improvement in maximum drought tolerance has been achieved since the 1990s. These results highlight the need to develop new drought tolerance source populations for maize improvement strategies that target drought-prone areas. Maize plants in farmers' fields are routinely subjected to a combination of stresses. The occurrence of drought and heat stress together is likely to increase, particularly in southern Africa. The results of this study suggest that the genetic control of drought, heat, and combined drought and heat tolerance are largely independent of each other. Current drought tolerant parents used in hybrid maize breeding in ESA are highly susceptible to drought stress under elevated temperatures and there is a need to incorporate lines with tolerance to combined drought and heat stress in drought-prone areas where temperatures are predicted to increase. Only a limited relationship was found between yield potential and stress tolerance, with less than 40% of genetic variance in tolerance explained by variation in yield potential in all cases. This confirmed that performance under well-watered conditions is not predictive enough of performance under both drought and heat stress. The independent genetic control may indicate that QTLs with large effects are involved in combined drought and heat and heat tolerance. 
